A hybrid numerical method of combining Large Eddy Simulation (LES) and Lighthill's acoustic analogy theory is utilized to simulate the flow-induced noise at low Mach numbers. The aerodynamic noise generated by flow through a cavity, which is similar to a valve, is simulated and the results are validated by comparing with the open literature. In the simulation, the turbulent flow is computed with LES. After this, the flow field simulation results are used to compute the flow-induced noise with Lighthill's acoustic analogy theory based on the commercial software ACTRAN. Finally, the simulation results of the flow-induced noise, including the sound pressure level and the peak frequencies, are analyzed and compared with experimental data. It is validated that the hybrid method of combining LES and Lighthill's acoustic analogy theory used in this paper is feasible and reliable in engineering applications.
Introduction
A Numerical method for flow-induced noise simulation attracts more and more attention. In recent years, some experiments were given in the field of aeroacoustics. Lafon et al. [1] used Euler equations to simulate a cavity noise phenomenon. Compared with experimental results, the predicted frequency agreed well, but the predicted amplitude was approximately 15 dB lower. Many different computational methods had also been applied to analyze flow-induced noise at a low Mach number. Moon et al. [2] used a LES/LPCE hybrid method caused by the turbulent flow around the step and their results agreed well with experimental data. Ji and Wang [3, 4] used LES and Lighthill's theory to simulate turbulent boundary layer flow over backward and forward facing steps.
In the paper, a hybrid method of combining LES and Lighthill's acoustic analogy theory is presented to simulate flow-induced noise at a low Mach number. This hybrid method has been used in our preliminary research in the field of aerodynamic noise simulation [5] and hydrodynamic noise simulation [6] and this paper gives a detailed description of the validation. Noise generated by flow through a cavity, which is similar to a valve, is simulated and the results are validated.
LES/Lighthill Hybrid Method
Large Eddy Simulation. LES is a widely used model in simulating turbulent flows. In the LES, vortices are classified into two parts, namely the large eddy and the small eddy, according to the scale of the eddy. In the same way, the governing equations for LES are obtained by filtering the N-S equations in the physical space. After that, motions of large eddies are obtained by solving the filtered N-S equations directly, while small eddies are modeled with a subgrid model.
Lighthill's Acoustic Analogy. In Lighthill's acoustic analogy theory, the sound field is divided into the near field and the far field. The near field is the acoustic source field and the far field is the radiation field. The commercial software ACTRAN, which combines the Finite Element Method (FEM) and the Infinite Element Method, is used in acoustic simulation.
Computational Model and Mesh
The cavity model in Lafon's experiment [1] is used to validate the LES/Lighthill hybrid method. Characteristic dimensions of the model are shown in Fig. 1 The time step used in the simulation is 8.0×10 -5 s and 5000 steps of the LES simulation are saved as the input of acoustic computation. A structured CFD mesh is built to compute the turbulent flow. The minimum size of the CFD mesh is 0.7 mm and the total number of the mesh is 6.5×10 5 . The grid near the wall is obtained by gradually increasing the mesh size. In the CFD simulation, the CFL number is between 1 and 5 while the y + is less than 100. CFD mesh is shown in Fig. 2 . The span of the model is subdivided into 20 layers in the CFD mesh. Boundaries in the CFD are set as: 2) The outlet boundary condition of the flow is set as a pressure boundary condition.
3) Wall 1 and 2 are set as free slip wall and Wall 3 and 4 are set as no slip wall. The walls perpendicular to the Wall 1 to 4 are set as symmetry boundary conditions. The structured acoustic mesh is shown in Fig. 3 . The minimum size of the acoustic mesh is 1 mm and the total element number of the acoustic mesh is 1.8×10 5 . The mesh with black colour, which is the same field with the CFD model, is the sound source domain. The mesh with red colour is the propagation domain. The span of the model is divided into 10 layers in the acoustic mesh. An interpolation between the CFD mesh and the acoustic mesh is used to obtain the data in the sound source domain from the results of LES. The wall of the sound source domain is assumed to be rigid while the wall of the sound propagation domain is set as the infinite acoustic boundary which is computed with the infinite element method.
Fig. 3 Acoustic mesh with boundary conditions

Results and Analysis
After the LES computation is stable, the curve of pressure at the time domain is shown in Fig. 4 . The horizontal axis is the non-dimensional time and the vertical axis is the pressure at the observation point. It can be observed that the range of the pressure is stable along with the time as the maximum and minimum values of the pressure change little during this period of time. 
430
International Conference Machinery, Electronics and Control Simulation results is 3.5 dB higher at the first peak, but more than 10 dB higher at the second peak. For a cavity noise problem, the accuracy is acceptable in engineering applications. 
